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Techniques are described for at-wavelength interferometry of multilayer coated optics designed for use in
extreme-ultraviolet lithography. Broadly tunable undulator radiation, which covers the spectral region
from 45 to 400 A, is described. The coherent power available at these wavelengths is described, and
several types of interferometer that might be suitable at these short wavelengths are also described.

Introduction

The use of soft-x-ray (SXR) and extreme-ultraviolet
(EUV) radiation is opening new opportunities in
microscopy, lithography, and astronomy.1 Radiation
at these short wavelengths has recently been used in
a diverse array of experiments, from basic materials2

and biological sciences to integrated circuit lithogra-
phy.3 Many of the recent experiments take advan-
tage of multilayer coated optics with high normal-
incidence reflectivity. Reflectivities of greater than
60% have been obtained at the 130-A wavelength at
several laboratories. 6 Capabilities for optical coat-
ings at even shorter wavelengths continue to advance
but present a significant challenge to material scien-
tists as the individual coating layer thicknesses,
approximately A/4 at normal incidence, are measured
in atomic dimensions. Recent developments include
the achievement of 20% reflectivity at the 70-A
wavelength on flat and moderately curved sub-
strates. 7 ' 8

A further challenge is to extend near-diffraction-
limited performance to large numerical-aperture,
large-field-of-view reflective optics at those same wave-
lengths. The need for such a capability is particu-
larly evident in the case of EUV lithography for
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future nanoelectronic devices, for which 0.1-pm fea-
tures will be required over field sizes measured in
square centimeters for gigabit memory devices.9

The successful development of these capabilities will
enhance pursuits of short-wavelength reflective op-
tics in other areas of science and technology. The
combined need for near-diffraction-limited EUV imag-
ing and a large field of view will clearly require an
extension of present techniques for optical surface
preparation. More demanding tolerances will be set
for both surface contour and roughness, and new test
procedures will be required for assessing progress
toward successful optical fabrication and polishing.
To maintain /4 peak-to-valley wave-front distor-
tions in an optical system with four reflecting sur-
faces would typically require contour variations lim-
ited to /16,104'1 or 8-A surface variations for
a 130-A wavelength. Surface roughness should
be held below 1-2 A rms because of its effect on
reflectivity in these short-period coatings.

Here we discuss the need for accurate interferomet-
ric testing of EUV optics (and, incidentally, micro-
scope and telescope optics designed to have diffraction-
limited or near-diffraction-limited SXR performance)
at the wavelength at which they are expected to
operate. We call this at-wavelength interferometry.
In particular we discuss the appropriate source of
radiation for this kind of interferometry. At-wave-
length EUV interferometry will be an important tool
to detect and quantify local contour variations to 8 A
or less and to assess further phase distortions within
the coatings that are due to local variations in mate-
rial densities, spacings, and interface orientation.

Ultimately visible-light metrology of EUV optical
component substrates will probably also be required
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for use by optical technologists to monitor the surface
figure during the fabrication process. The main
motivation for this is that any at-wavelength testing
will depend on the use of some sort of reflective
coating. In the fabrication process, many iterations
of polishing and testing are used, and thus the need to
deposit and remove coatings repetitively would make
at-wavelength testing impractical. However, the ab-
solute accuracy of present state-of-the-art visible
phase-measuring interferometry will need to be im-
proved by a factor of 10-20 in order to achieve the
accuracy necessary to characterize EUV imaging
systems. Significant research and development will
be required for achieving this advance. In support of
this goal, it is clear that at-wavelength metrology has
a crucial role to play. As mentioned above, an
absolute surface accuracy of 8 A is required on
substrates for diffraction-limited EUV imaging sys-
tems. With an EUV interferometer, this would rep-
resent a required measured accuracy of XEUV/16 ,
which appears to be feasible. Designs for such an
interferometer are discussed below. This instru-
ment would be extremely useful in support of the
research and development efforts to improve the
accuracy of visible testing instruments. For ex-
ample, using an EUV metrology facility, spherical
reference surfaces, and special test artifacts could be
qualified at the required level of accuracy. These
could then be used as reference optics in a visible-
light interferometer or as calibration objects for
measurement and analysis of systematic effects in the
visible interferometer.

Functional testing at the operational wavelength
will also be required when the optical component
substrates are to be coated, aligned, and installed in
their operational configuration in the EU optical
system. This is because the EUY coatings them-
selves, being interference devices, behave completely
differently at their design wavelength than they do in
visible light, for which they act as broadband mirrors.
In particular, phase effects that might arise from
nonuniformity of the layer materials or thicknesses,
departures from desired period variations, stresses in
the layers, or modification of the top surface by
oxidation or contaminations will not be correctly
evaluated by visible interferometry, yet they have the
potential to degrade the system performance seriously.
The question of distortion of the optics beyond an
acceptable figure error by stresses in the coatings
must also be considered. In the visible spectral
region, it has been found that the stresses in multi-
layer coatings are sufficient to bend even thick optical
elements an appreciable fraction of a wavelength,13"14
and it is known that EUV reflecting multilayer
coatings develop very large stresses.'5 A sensitive
method of measuring these distortions will be essen-
tial.

We can estimate the coherent power needed for this
application based on a given interferometer design.
Calculations for a proposed design are presented
below. The common considerations in these esti-
mates are the need for parallel detection in a many-

pixel-array detector for fringe visualization and rapid
data-acquisition time to minimize image degradation
by vibration and drift as well as an allowance for
real-time system alignment and the relatively low
efficiency of EUV optical components. For the inter-
ferometer designs considered, measurements within
an exposure time of a second or less will require a
coherent power in the range of a fair fraction of 1 W.

Toward this end, undulator radiation at a modern
storage ring is particularly interesting. Such radia-
tion, generated by the passage of relativistic electrons
through a periodic magnet structure, is readily pro-
duced at both EUY and SXR wavelengths, is broadly
tunable, and is partially coherent to a useful degree at
these wavelengths. In the following sections we
describe undulator radiation further, preliminary
designs for EUV interferometry, and give an estimate
of anticipated exposure time. Comparison with the
coherence properties of other sources is included
along with order of magnitude exposure times.

Undulator Radiation

Undulator radiation is emitted by highly relativistic
electrons as they traverse a periodic magnetic struc-
ture of moderate magnetic-field strength. Such ra-
diation is a major attribute of modern synchrotron
facilities, which combine many such magnetic struc-
tures with a tightly controlled electron beam. By
choosing the magnetic structure period and electron
energy, one can center the radiation at wavelengths
from the ultraviolet to the x-ray region. The relative
spectral bandwidth of undulator radiation, X/ is
nominally equal to the inverse of the number of
magnet periods traversed N, that is, to the number of
electron oscillations, typically 60 for the structures
being considered. This bandwidth can be substan-
tially narrowed to values of the order of 10-4 through
the use of a grating monochromator, but at a con-
comitant reduction of available photon flux. The
tuning range of an undulator is very broad, from 45
to 400 A for the structures of interest here. This
continuous tuning is accomplished by varying the
magnet gap, thus varying the magnetic-field strength,
which controls the electron transit time and thus the
temporal duration of the N oscillations. In addition
to these spectral features, undulator radiation can
have very interesting coherence properties, depend-
ing on the degree to which the electron beam is
constrained in its lateral size and random angular
motion, e.g., depending on the phase-space properties
of the electron bunch. A striking feature of the
newest facilities is the very small phase space of the
electron bunch, which is comparable with that of
diffraction-limited radiation at very short wave-
lengths, of the order of 100 A. As a consequence, the
emitted undulator radiation is partially coherent in
nature. With modest spatial and temporal filtering,
this radiation is ideally suited for sophisticated experi-
mentation based on the use of well-controlled phase
distributions at very short wavelengths.

Figure 1 illustrates the generation of undulator
radiation by relativistic electrons traversing a peri-
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Fig. 1. Continuously tunable short-wavelength undulator radia-
tion is generated by the passage of relativistic electrons through a
periodic magnet structure.

odic magnet structure.' 6-' 8 The observed wave-
length is described by the equation

Au I
X. =x1

K 2
2

(1)

where X, is the undulator period, -y = 1/[1 - (v2 /c2 )]1/2

is the Lorentz contraction factor familiar from stud-
ies of relativistic motion, v is the axial electron
velocity, c is the velocity of light in vacuum, 0 is the
observation angle measured from the axis of symme-
try, and K is a dimensionless measure of the magnetic
field in a periodic structure,' 7 given by

K = eBO0M .u (2)
2'rrmc

B0 is the maximum magnetic-field strength on axis,
and e and m are the electron charge and the rest
mass, respectively.

Typical parameters of interest here'9 include an
8-cm magnetic period, y 3000, and K varying from
0.5 to 3.9. This gives a broad tuning range extend-
ing from 45 to 400 A. A typical value for the relative
spectral bandwidth is

AX 1
(3)

where N is the number of magnetic periods (electron
oscillations), 0.016 for a 4.96-m-long undulator
with 62 periods of 8.0 cm each. This can be accom-
plished with a simple aperture of angular acceptance,

1
Ocen = y*V` ' (4)

where the asterisk denotes a modified Lorentz factor,

ly= '(1 + 2

which accounts for the decreased axial velocity in a
periodic magnetic field (where a portion of the con-
served energy is directed to transverse motion). The
central radiation cone, of half-angle 0

cen, contains to
first order the radiation of bandwidth 1/N. To
obtain radiation with a narrower spectral bandwidth,
a monochromator must be used, albeit with reduced
photon flux because of both the narrower bandwidth
and the finite efficiency of the various components.

The average power radiated in the central radiation
cone is readily determined' 6 in analytic form from
considerations of classical dipole radiation and appro-
priate use of Lorentz transformations for the case of
K < 1. For K substantially larger than 1, numerical
simulations are required because strongly nonsinusoi-
dal motion sets in and because the dipole approxima-
tion begins to fail. For modest field strength (K < 1)
the power in the central cone (Ocen = 1/y*FN, X/AX
N) can be written as

rreK 2 ,2

Pcen lTreK 2 
2 (5)

EOX, 1 + 2

where eo is the permittivity of free space, and I is the
average current. As used here, expression (5) repre-
sents only that power radiated in the fundamental
(n = 1). At the Advanced Light Source (ALS), cur-
rently under construction at the Lawrence Berkeley
Laboratory, where a current of 0.4 A is expected at
y = 2940, expression (5) indicates that a central cone
power of 1.1 W can be expected within a 1.6%
relative spectral bandwidth (1/N) at X = 130 A from
an 8.0-cm undulator operated at a magnet strength
corresponding to K = 1.9. Numerical simulations2 0

show the radiated power at K = 1.9 to be 0.93 W at
130 A in a spectral pattern that is approximated by
AX/X = 1/N. Figure 2 graphs power in the central
radiation cone (n = 1, AX/X 1/N), according to
expression (5), through typical tuning ranges of 5.5-
and 8.0-cm periodic undulators at the ALS. Because
both magnetic structures are constrained to 5-m total
lengths, values of N and thus of nominal values of
AX/X differ for the two cases, as indicated by expres-
sion (3). Thus, although the powers are quite simi-
lar, the powers per unit bandwidth are not. Note
that the conversion from wavelength to photon en-
ergy (E = hw) is

EX = 12,399 eVA. (6)

For K values greater than unity, electron motion in
a periodic magnetic structure becomes nonsinusoidal,
that is, the motion becomes more complex than a
single frequency, exhibiting ever larger components
of multiples of the fundamental frequency. That is,
the motion has significant harmonic content for K >
1 and radiates accordingly into harmonics of wave-
length X/n with interesting polarization and phase
effects. Numerical simulations that account for the
nonsinusoidal motion at a high K value and for the
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Fig. 2. Power anticipated in the central radiation cone (n = 1,
AX/X 1/N) as a function of photon energy for (a) 5.5-cm and (b)
8.0-cm period undulators at the ALS, a 1.5-GeV electron storage
ring. Note that AX/X is different in the two cases because of
differences in N.

finite electron-beam size and divergence provide a
more accurate description of the anticipated har-
monic content and spectral shape than the simple
theory leading to expression (5). Figure 3 shows the
harmonic spectrum anticipated2 0 at the ALS from
both 5.5- and 8.0-cm periodic undulators, each for
two selected values of K corresponding to fundamen-
tal (n = 1) wavelengths of 130 and 70 A. These two
cases are quite interesting; although both generate
just under 1 W at 130 A, the spectral bandwidth is
narrower ( 1/N) for the 5.5-cm device, but its K value
is higher (2.5 versus 1.9), leading to additional power
in harmonics. Although valuable in some situa-
tions, the additional power essentially serves as an

unwanted heat load on beam-line optics for the
interferometry of interest here, e.g., 649-W total
power radiated to all angles and wavelengths for the
U5.5 versus 180W for the U8.0. In practice, harmon-
ics of n > 5 will be significantly reduced by the effects
of magnetic errors and finite energy spread in the
electron beam.21 22 Further analysis, including the
effect of thermal loading on precision optical surfaces,
is required before an optimum choice is made. It is
clear, however, that both undulators would provide
substantial power across the tuning range in a spec-
tral bandwidth appropriate for studies of coated
optics.

Coherent Radiation

Interferometry, a powerful diagnostic tool, is particu-
larly useful when used with spatially and temporally
coherent radiation, which permits high-contrast fringe
formation with a very flexible arrangement of optical
surfaces, surface curvature, etc. Undulator radia-
tion has interesting properties of partial coherence
that, with appropriate spatial and temporal filtering,
render it very useful for at-wavelength interferom-
etry of EUV coated optics and optical systems. To
obtain a measure of the coherence properties, we
compare undulator radiation with that of a point-
source radiator oscillating at a well-defined frequency
for a very long time. Clearly our goal is to obtain
relations that give us some measure of how small our
point source must be and how many oscillation
periods are required for generating spherically propa-
gating waves in which phase relationships are pre-
served across sufficiently large lateral and longitudi-
nal dimensions to be useful in very generally conceived
interferometric geometries. The logic of this limit-
ing case argument is that if the source appears to be a
point source it cannot reveal detailed phase and
intensity variations and thus appears only as propa-
gating spherical waves within the limits of finite
observation angle and wavelength.

To estimate how small our equivalent point source
must be, Heisenberg's uncertainty principle is uti-
lized for transverse position and momentum, Ax -
Ap h2, where these are assumed to be radial rms
measures of Gaussian distributions.23 To put this
into a convenient form, we associate the uncertainly
in position Ax from which a photon emerges with a
source of diameter d, where d = 2Ax . For radia-
tion that is nearly monochromatic we associate the
uncertainty of photon transverse momentum Ap
with the half-angle of the radiation cone 0, that is, we
takeAp IpI 0 = hk0 = 2hO /X. Combining these
in the uncertainty relation, we obtain

X
do Ž (7

as the limiting condition for the generation of spa-
tially coherent radiation in which phases are strongly
correlated laterally across the radiation field. Recall
that d and 0 are rms, or 1/le- quantities. Note that
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Fig. 3. Harmonic spectrum anticipated for a 5.5-cm period undulator with K chosen so as to have the fundamental (n = 1) radiate at (a)
130 A and (b) at 70 A. (c), (d) The spectrum for an 8.0-cm period undulator radiating in the fundamental wavelengths of 130 and 70 A,

respectively.

relation (7) describes the relation between the waist
diameter and the far-field divergence half-angle for a
TEMOO laser mode,24 that is, a spherically propagating
wave with a Gaussian intensity distribution. We
now have a convenient measure [relation (7)] against
which to compare sources of radiation for their
potential use in experiments benefiting from the use
of spatially coherent radiation.

Temporal coherence is generally described in terms
of a coherence length, that is, a propagation distance
over which longitudinal phase relations are main-
tained to a certain degree of accuracy. For instance,
one can define a coherence length,

A\2

1coh =" 2Z ' (8)

which gives a measure of acceptable path mismatch
over which fringe visibility is maintained, as a prod-
uct of the wavelength X and the number of oscillation
periods X/AX, to some numerical factor of the order of
2, which depends on spectral shape and definitions.25

For undulator radiation at modern storage rings26

such as the ALS, the phase-space product of electron-
beam diameter d and radiation cone half-angle 0
approach the values given by relation (7). The elec-
tron beam at the ALS is expected to be elliptical in
shape, with a horizontal major axis of 2 o-h = 660 ,um
and a vertical minor axis of 2ur = 126 Am. The
central radiation cone half-angle for a single electron,

given by Eq. (4), is 75 prad for the 8.0-cm period
undulator and 53 jgrad for the 5.5-cm period undu-
lator. Random angular divergences within the elec-
tron beam increase, to some degree, the effective
radiation cone angle. At the ALS, the random elec-
tron-beam divergence is expected to be or,' = 16 grad
and oTh' = 30 girad half-angles in the vertical and the
horizontal planes, respectively. Combining these
quantities gives a slightly elliptical radiation cone of
77-purad half-angle in the vertical plane and 81 gLrad
in the horizontal plane. Comparing these values of
dO with the spatial coherence limit given by relation
(7), we find that undulator radiation at 130 A will be

4.7 times diffraction limited in the vertical plane
and 26 times diffraction limited in the horizontal
plane.27 Thus spatial filtering will reduce available
power by an overall factor (4.7 x 26) of 120. With
a central radiation cone power of 1.1 W for the 8.0-cm
periodic undulator, this indicates a spatially coherent
power of 9.2 mW at 130 A. The average coherent
power, within a nominal 1/N bandwidth, can thus be
written as the power in the central cone [expression
(5)] reduced by the fraction of radiation having its
phase-space product do within the spatially coherent
limit X/2rr set by relation (7) in both the horizontal
and the vertical planes, viz.,

Pcoh = Pcon (X/2,r) 2 (9)
(d h~v
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where (dO)h , is shorthand for the product of (dO)h and
(dO), evaluated separately for the horizontal and the
vertical planes.

For the U8.0 periodic undulator with N = 62, the
spatially coherent radiation would have a longitudi-
nal coherence length [Eq. (8)] of 1coh = X2/2A =
NX/2 0.40 m at X = 130 A. If a longer coherence
length were desired, a monochromator28 could be
introduced, but with a concomitant loss in power.
For instance, if a monochromator of relative spectral
bandwidth (AX/X)M 10-3 were utilized to probe
the coated optics with a spectral bandwidth much
narrower than the coating bandwidth, this would
make use of a narrower fraction of available band-
width from the undulator central cone by a factor
N(AX/X)M 0.062 for the 8.0-cm periodic undulator
but would provide a longer coherence length of 6.5
jim at = 130 A. Because of the proportionately
reduced photon flux and an additional insertion loss
(-rM= 1/3) that is due to monochromator grating
efficiency and mirror reflectivities, the coherent power
would be reduced to 0.2 mW at 130 A. Figure 4
shows the coherent power tuning curves for both the
U8.0 and U5.5 undulators assuming use of a 10-3
relative spectral bandwidth monochromator with a
factor of 3 insertion loss that is due to finite efficien-
cies.

Undulator radiation at older synchrotron facilities
could also be used for these purposes, but with
reduced coherent power and increased exposure times,
because of their larger electron-beam size and diver-
gence. Spatially filtered radiation could also be used
from a laser-produced plasma at 130 A, but the phase
space would be very large. For example, if a high-
power laser operating at a sufficient repetition rate
could put an average of 500 W of visible light at high
intensity (> 10ll W/cm2 per pulse) onto an appropri-
ate target material with an energy conversion29 effi-
ciency of 1% into a 3% bandwidth at 130 A, this would
yield 5 W of power at 130 A in a relative spectral
bandwidth AX/X 3%. For a plasma source size
d 200 m and an rms radiation half-angle r/4, the
phase-space product dO would be approximately 8 x
104 in both the horizontal and the vertical planes.
The spatially coherent power would thus be 5
W/(8 x 104)2 1 nW in a 3% relative bandwidth.
Utilizing the same monochromator to achieve a longer
6.5-[Lm coherence length and narrower spectral probe,
(AX/X)M 10-3, would result in a coherent power of
30 pW at 130 A, a factor of 107 less than that for an
undulator at the ALS.

Interferometry

Even with the relatively high temporal and spatial
coherence afforded by the undulator, interferometry
is by no means a simple proposition. Because the
wavelength is approximately 50 times smaller than
that used in visible interferometry, vibration and
long-term stability are of the utmost concern. For
instance, if the angular alignment of two nominally
parallel interfering wave fronts is changed by as little
as 1 mrad, the fringes formed will be spaced by 13.0

1

U)0

0.C

U)
U)

00

0.1

0.01 L
10

1

U)
0

0.
CL

U)
U)

-

00

0.1

0.01 L
10

100

Photon energy (eV)
(a)

100

Photon energy (eV)
(b)

1000

1000

Fig. 4. Predicted coherent power tuning curves for (a) 5.5-cm and
(b) 8.0-cm period magnet structures at the ALS. These curves
assume use of pinhole spatial filtering, use of a monochromator of
relative spectral bandpass AX/X = 10-3, and a monochromator
efficiency of 33%,

jim, unresolved by most EUV-CCD array detectors.
And if optical path differences exceed the coherence
length, the fringe visibility will drop to zero, making
measurements impossible. It would therefore be
advantageous to work with interferometer configura-
tions that are inherently immune to these effects.

There is a class of interferometers 30,3 ' called com-
mon path interferometers that meet these needs.
In these interferometers, the reference and the mea-
surement wave fronts travel essentially the same
path through the interferometer, including the opti-
cal component or system under test. This approach,
at least to first order, eliminates vibration and drift
and ensures near-zero optical path differences.
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Shearing interferometers are one group of interfer-
ometers within this class. They have the character-
istic that the reference and the measurement wave
fronts are equally affected by the aberrations of the
optical component or system under test. They pro-
duce an interference pattern by interfering the aber-
rated wave front with a sheared duplicate of itself.
They can take many forms, with lateral and radial
shears the most easily implemented. Figure 5 shows
a grating lateral shearing interferometer32 that can
operate with a minimal coherence length. The aber-
rated wave front from the mirror under test comes to
focus on a two-frequency grating. Two first-order
diffracted wave fronts produced by the grating are
laterally sheared with respect to each other. The
interference pattern formed is related to the gradient
of the aberration in the direction of the shear. These
interferometers, therefore, do not give a direct mea-
surement of the aberrations. They require computa-
tional analysis for reconstructing the aberrations,
usually with some degradation of the results. Be-
cause the wave fronts are sheared, there must be
sufficient spatial coherence to ensure high visibility
fringes. The effective source size should be smaller
than d/s times the resolution of the optical compo-
nent or system under test, where d is the diameter of
the wave front and s is the maximum shear.

Another group of interferometers is configured
such that the reference wave front is affected by only
a very small portion of the optical component under
test. These interferometers include scatter plate,
zone plate,33 and some birefringent interferometers.
At EUV wavelengths, only the zone plate interferom-
eter is practical. One configuration is shown in Fig.
6. A zone plate is placed at the center of curvature of
the mirror under test, and the undulator beam is
focused onto the center of the mirror. The undif-
fracted (zero-order) beam illuminates only a very
small portion of the mirror and serves as the refer-
ence wave front. The first-order diffracted beam
illuminates the entire mirror and serves as the mea-
surement wave front. When these wave fronts are
reflected back to the zone plate they are each dif-
fracted a second time. To ensure good fringe visibil-
ity in the interference pattern, the interfering wave
fronts must be of nearly equal intensity. This is

Undiffracted
wave front

Fig. 5. Two-frequency grating lateral shearing interferometer
testing a concave mirror. The interference pattern formed by the
two first-order diffracted wave fronts is related to the gradient (in
the direction of the shear) of the mirror aberration.

Zero-
order
beam

EUECUD Aperture </

Fig. 6. Zone plate interferometer testing a concave mirror. The
interference pattern is formed by the (0, 1) diffracted wave front
(reference) and the (1, 0) diffracted wave front (measurement).

accomplished by the use of an aperture that transmits
only the reference wave front that is diffracted into
the first order and the measurement wave front that
is undiffracted. To cover the entire area of a mirror
of radius a and radius of curvature R, the width of the
outermost zone i\r is given by34

Ar (/2)(R/a), (10)

where the numerical aperture of the zone plate is
approximately Ar/X. Since zone plates are highly
chromatic, it is important to limit the number of
zones N, to the inverse of the anticipated relative
bandwidth AX/X. For interferometry of multilayer
coated optics, the relative bandwidth of choice (set by
the monochromator) will depend on the number of
multilayer pairs and the number of undulator periods
and may be chosen to be narrower so as to probe
phase effects within the coating. Thus, in differing
aspects of this work, we might imagine choosing
A,/X, and thus Nz, to be somewhere between 30 and
1000. Choosing N, depending on a specific experi-
ment, we find that the zone plate focal length and
radius are given by34

(11)f 4Nz(Ar)2

X

r 2Ar, (12)

respectively. For example, a 40-mm-diameter mir-
ror (a = 20 mm) with a radius of curvature of 150 mm
requires a 150-jim-diameter zone plate with an outer-
most zone width of 50 nm and a total of 500
zones.35 It would have a focal length of 0.86 mm.

Since the zone plate is at the center of curvature
and therefore is imaged onto itself by the mirror, the
zone construction (i.e., zone width, zone spacing,
circularity) is not overly critical. It is only important
that there be 1800 symmetry about the center of the
zone plate.

As shown in Fig. 6, the zone plate interferometer is
best suited for measuring concave mirrors. Measur-
ing convex mirrors and multielement reflective sys-
tems is more difficult and requires auxiliary optics,
which increases the complexity of the measurement
and influences the measurement itself.
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Another type of common path interferometer that
is more versatile, especially for measuring the wave
front of optical systems, is the point-diffraction inter-
ferometer.36 This interferometer produces an inter-
ference pattern by using the wave front after it has
passed through the optical system. A spherical refer-
ence wave front is generated from the aberrated wave
front by diffraction. This interferometer, shown in
Fig. 7, consists of a partially transparent membrane,
perhaps silicon nitride (Si3N4), coated with an absorb-
ing layer of aluminum in which a small pinhole has
been etched. The radiation from the undulator is
focused at one conjugate of the optical system and the
point-diffraction interferometer is placed at the other
conjugate, as shown in Fig. 8. The diameter of the
focused source and pinhole are slightly smaller than
the resolution limit of the system. The attenuated
(aberrated) wave front transmitted by the membrane
interferes with a spherical wave front diffracted by
the pinhole. The absorption of the coating is chosen
so that the two interfering wave fronts are of approxi-
mately equal intensity to ensure high visibility fringes.
The transmission ratio of the coated membrane is
chosen to be 0.01, which is achieved with approxi-
mately 150 nm of aluminum.

To estimate exposure time for interferometry at
the ALS, we consider as an example the specific
combination of coherent power from an 8.0-cm undu-
lator and use of a zone plate interferometer generi-
cally similar to that shown in Fig. 6. For operation
at 130 A, Fig. 4 and the accompanying text indicate a
spatially coherent power of 0.2 mW in a relative
spectral bandwidth of 10-3, which corresponds to a
coherence length of 6.5 jim. We assume that spa-
tially coherent radiation is selected by a pinhole
within the monochromator. At 130 A, this coherent
power corresponds to a coherent photon flux of
approximately 1 x 1013 photons/s. We estimate
the throughput of the zone plate interferometer to be
approximately 1/2 x 10-3. The throughput esti-
mate is obtained by assuming a beam-splitter effi-
ciency of 1/3 twice (going in and coming out), a zone
plate efficiency of 1/20 to first order and 1/2 to zeroth
order times 2, since two zone plate orders are used

Fig. 7. Details of the point-diffraction interferometer. The
spherical reference wave front is generated by diffraction from a
pinhole in the partially absorbing membrane.

EUV lithographic
imaging system

Beam
from

undulator

interferometer EUV
CCD

Fig. 8. Point-diffraction interferometer testing of an EUV litho-
graphic imaging system. The source (or its image) and the
point-diffraction interferometer are placed at the conjugates of the
system.

(test and reference beams), mirror reflectivities of 2/3
twice (the test mirror and the spatial filter mirror),
and a back-thinned CCD efficiency of 1/2. If we
further assume use of a 103 x 103 CCD array such
that available photons are divided into 106 separate
pixels, then the detected photon flux is estimated to
be approximately (1013 photons/s)(10-3 )(10-6 ), or ap-
proximately 104 photons/s pixel. Assuming that the
detection of 103 photons/pixel provides statistically
useful fringe visibility, the photon flux per pixel
estimated above provides an exposure time of - 1/10
s. Considering the need for real-time measure-
ments, particularly in optical system alignment stud-
ies, and the potential for fringe contrast loss because
of vibration, exposure times of this order seem appro-
priate. Further estimates of exposure time, such as
an experiment utilizing point-diffraction interferom-
etry of an imaging system, as illustrated in Fig. 8,
involve partially offsetting factors that are best de-
ferred to a time when the optical systems themselves
are better defined.

Beam Line

The EUV optical transport system following the
undulator, including mirrors and apertures (some of
which are water cooled), a monochromator, focusing
elements, and positioning devices, is generally re-
ferred to as a beam line. If branching is employed to
serve several end stations, the term branch lines is
employed. Figure 9 shows a diagram of beam-line
optics3738 capable of providing a narrow bandwidth
and a sufficiently small phase space to meet spatial
and temporal coherence requirements for experi-
ments such as EUV interferometry. The first mir-
ror is a pop-up planar mirror for branch-line selection
as well as for reducing the heat load on the optics to

Variable-spacing
spherical grating
monochromator

Water-cooled Pop-up p Zone plate
apertures mirror /

KB prefocusing Pinh EUV Detector
system Itcrfcrmctcr

Fig. 9. Preliminary diagram showing beam line optics for the
development and the application of EUV interferometry. The
design includes water-cooled apertures, a pop-up mirror, a Kirk-
patrick-Baez (KB) prefocusing system, a variable-spacing spherical
grating monochromator, and an interferometer.
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follow. The Kirkpatrick-Baez prefocus system con-
sists of vertical-folding and horizontal-folding spheri-
cal (or cylindrical) mirrors that focus the source
image vertically on the entrance slit of the monochro-
mator and horizontally on the exit slit (pinhole),
respectively. The pinhole serves as the exit slit of
the monochromator and can also serve as a spatial
filter. The combination of pinhole and zone plate
aperture defines the through rays in both real and
phase space. By through rays we mean the rays that
pass through both the pinhole and the zone-plate
aperture. The effective phase space of the through
rays is fairly close to that of spatially coherent
radiation. The monochromator is a constant-devia-
tion type, equipped with a variable-spacing spherical
grating that provides sufficient spectral resolution
and temporal coherence for EUV interferometry.
The relative spectral bandwidth is variable from 100
to several thousand, depending on the gratings used,
permitting bandwidth and coherence length to be
traded off with available photon flux. Additional
branch lines are anticipated, including one designed
for a very narrow relative spectral bandwidth
(AX/X 3 x 104) at selected wavelengths.39 4 0

Conclusion

A path toward at-wavelength EUV interferometry of
reflective optics and optical systems based on the use
of partially coherent undulator radiation is presented.
Systems that cover wavelengths from nominally 45 to
400 A are possible, employing a variety of diffractive
and reflective optics. A capability for at-wavelength
interferometry would substantially enhance the abil-
ity to extend EUV and SXR optics for lithography,
microscopy, astronomy, and other emerging applica-
tions to these very short wavelengths.
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